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Abstract 

An attempt is made to provide an outline of the climatic history of Western 
Australia over a period of the order of 80 000 years, for which some information 
is available even if sketchy and poorly dated. The late Quaternary was characterised 
by marked changes in climate, with possibly quite contrasting conditions occurring 
simultaneously in different parts of Western Australia; the dominant feature, however, 
was an intensification of aridity. A massive extension of the and zone coincided 
with the last global glacial maximum. A consideration of the mechanisms responsible 
for this event suggests that this was a recurrent theme of the Pleistocene, an inter¬ 
pretation which appears to be supported by the available stratigraphic evidence. 


Introduction 

In recent years substantial progress has been 
made in establishing the Quaternary palaeo- 
climatic history of Australia (see Bowler et al. 
1976). Unfortunately our knowledge of the 
Western Australian palaeoclimatic record is 
sparse when compared to its eastern counterpart. 
While there exists a large volume of literature 
which contains reference to Quaternary climatic 
changes that may have taken place in Western 
Australia, much of this work suffers from the 
absence of a satisfactorily-dated framework 
within which the scattered observations can be 
placed, and is marred by the tendency of some 
authors to invoke climatic change as a ready 
explanation of features which in many cases may 
be adequately explained by other factors. More 
recent work, which has been facilitated by both 
the documented climatic changes that are known 
to have taken place in other parts of Australia, 
and the initial results of the Climap project, 
has shown an explicit concern with the nature 
and sequence of Quaternary climatic events in 
Western Australia. It is largely from this work 
that a framework for understanding the Quater¬ 
nary climatic and environmental history of 
Western Australia has begun to emerge. 

The aim of this paper is (1) to survey the 
major evidence that has been advanced by 
various authors to reflect the Quaternary 
climatic variations that may have taken place in 
Western Australia, and from the evidence 
attempt to develop an outline of the late Quater¬ 
nary climatic history of Western Australia, (2) to 
formulate the mechanism of one palaeoclimatic 
event—widespread aridity—which is likely to 
have been a recurrent feature of the Quaternary 
climatic history of Western Australia. As far as 
possible the evidence is reviewed under separate 
subject headings, but in places material which is 
not encompassed by a particular section heading 
is included to avoid clumsy cross-referencing and 


repetition between sections. Figure 1 shows the 
location of many of the sites referred to in the 
text. 

Biotic evidence 

Evaluating the climatic implications of faunal 
and floral remains has been one of the mainstays 
of Quaternary palaeoclimatic reconstruction. In 
Western Australia few studies of biotic remains 
have so far been undertaken with the specific 
aim of reconstructing the Quaternary climatic 
history of the area. Especially regrettable is the 
limited use that has been made of palynology, a 
technique which in other parts of the world has 
been fundamental in elucidating the Quaternary 
environmental history. 

Biotic distributions 

As probable indicators of Quaternary climatic 
events in Western Australia, disjunct distribu¬ 
tions of flora and fauna have attracted a great 
deal of attention. Considerable discussion has 
surrounded the apparent west-east and north- 
south affinities in the distribution patterns of the 
Australian flora (Gardner 1942; Specht 1958; 
Burbidge 1952, 1959, 1960; Gentilli 1961; Green 
1964; Marchant 1973; Nelson 1974). A compari¬ 
son of the vascular floras of south-west and 
south-east Australia by Green (1964) revealed 
the existence of several hundred species common 
in both areas but not in the drier intervening 
regions. Green considered that some of these 
populations are true vicariads (defined as closely 
related allopatric species which have descended 
from a common ancestral population and 
attained at least spatial separation) which 
once occupied continuous areas which became 
broken by the onset of drier climatic conditions. 
Some examples include Lepidosperma angusta- 
tum (south-west), L. concavum (south-east); 
Casuarina decussata (south-west), C. torulosa 
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Figure 1.—Location map showing the major sites mentioned in the text. 
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(south-east); Acacia leptoneura (south-west), A. 
rigens (south-east). Estimates as to when this 
separation of the south-west and south-east 
flora occurred are widely conflicting, and range 
from the late Tertiary to the late Quaternary. 

North-south affinities in plants are well docu¬ 
mented in Western Australia. Gardner (1942) 
for instance, explained the occurrence in the 
Geraldton-Perth area of plants common in the 
Kimberley district, (e.g. Cartonema, Dioscorea 
and Clematicissus) , as the result of the extension 
of tropical conditions further south at some 
time in the past. Other examples include the 
existence of species of Terminalia, Owenia, Mal- 
lotus and Lysiphyllum in the Pilbara district 
(Burbidge 1959). The occurrence in tropical 
areas of isolated species of genera which are well 
developed in the South-West Botanical Province 
has been interpreted by several authors as being 
indicative of the former extension of southern 
climatic conditions further north (Gardner 1942; 
Burbidge 1952, 1959, 1960; Gentilli 1961). One 
species of Byblis occurs only in the South-West 
Province while the only other species in the 
genus is widespread in the tropical zone. Verti- 
cordia is mostly confined to the South-West 
Province and a contiguous semi-arid belt further 
inland, while in the tropical zone the genus is 
represented by several species. Other examples 
include species of Borya, Persoonia, Boronia, 
Jacksoiiia and Calytrix ^Burbidge 1960). A relict 
plant distribution which has not received much 
attention is the Millstream Palm ( Livistona 
aJ.fredii) which is confined to the Fortescue River 
area at Millstream and a few nearby localities. 
This species represents the only natural occur¬ 
rence of palms in Western Australia outside the 
Kimberley district (Environmental Investiga¬ 
tions, Fortescue River 1975). 

A number of writers have explained the mod¬ 
ern distribution of some amphibians, reptiles, 
marsupials and birds, east and west of the Nul- 
larbor Plain as the result of greater aridity in 
the past (e.g. Serventy and Whittell 1976; Main 
et al. 1958; Keast 1961; Kluge 1967). Main et al. 
(1958) explained the existence of frogs with 
eastern affinities in south-western Australia as 
the result of successive movements from the 
primary speciation area in south-eastern Austra¬ 
lia across the southern Nullarbor Plain during 
“pluvial” periods of the Pleistocene. Interven¬ 
ing arid periods were seen as the mechanism of 
isolation of the eastern and western faunas. 
Serventy (1951) reached similar conclusions con¬ 
cerning the speciation of the chestnut-shouldered 
wrens (Malurus) which occur throughout the 
Australian region. Serventy and Whittell (1976) 
noted numerous examples of the discontinuous 
occurrence of related avian fauna in Australia. 
Again the onset of arid conditions during the 
Pleistocene was invoked to explain these features. 
Ford (1974), however, has suggested that some 
isolates of desert species of birds may have 
formed during relatively wet periods in the 
Pleistocene. 

The only way that the various authors were 
able to suggest a possible time at which the dis¬ 
tributions became separated was by placing them 


in the context of the palaeoclimatic record 
available at their time of writing; as the record 
was often incomplete or in error their conclusions 
were understandably misleading. This necessity 
to resort to an existing palaeoclimatic chron¬ 
ology, in order to date a climatic event, postu¬ 
lated on the basis of a disjunct distribution, is a 
major limitation in the use of disjunct distribu¬ 
tions in palaeoclimatic reconstruction. Conse¬ 
quently biotic distributions have been of little 
value in building up the chronology of Quater¬ 
nary climatic events in Western Australia, 
although they have proven useful in indicating 
likely climatic events that may have taken place. 


Nullarbor Plain 

Biological evidence for Quaternary climatic 
changes in the Nullarbor Plain is sparse and 
often poorly dated. Several workers have sug¬ 
gested that the climate of this region has not 
changed significantly in the last 20 000 years. 
Faunal remains found in sediments in Koonalda 
Cave were dated at approximately 20 000 years 
BP (Wright 1971, p. 24). Thorne (1971) found no 
evidence from these faunal remains suggesting 
an environment different from that of today. 
Martin (1973) examined pollen from three 
excavations—N145 Cave near Eucla, Madura 
Cave and Norina rock shelter. She found that 
the period 20 000 to about 10 000-8 000 years BP 
appeared to be more arid than the climate of 
that area today, with annual rainfall averaging 
about 180 mm. From about 10 000-8 000 to 5 000- 

4 000 years BP rainfall apparently increased, and 
has since maintained an annual average of about 
250 mm. The climatic changes indicated by the 
varying pollen ratios were primarily explained by 
Martin as being due to the influence of a rising 
sea level and the consequent climatic effects 
resulting from a closer proximity to the coast. 
Martin also suggested that a change in the 
level of the Aboriginal population at about 4 000- 
6 000 years BP in the area may have influenced 
the vegetation patterns. 

There is some additional evidence that seems 
to support Martin’s (1973) conclusion that since 
the middle Holocene the rainfall received by the 
Nullarbor Plain area has been at the same level 
as today. The preservation of soft tissue on a 
Thylacinus cynocephalus (Tasmanian tiger) 
skeleton in Murra-el-elevyn cave (dated at 3 300 
years BP, Partridge 1967) and in Thylacine Hole 
(dated at 4 600 years BP, Lowry and Merrilees 
1969) suggested to Lowry and Jennings (1974) 
that conditions in the caves could not have been 
much wetter in the intervening time than at 
present. Ingram (1969) examined the pollen 
grains found in the desiccated gut of mammalian 
carcases— Megaleia rufa (red kangaroo), Tricho- 
surus vulpeculo, (possum), Onychogalea lunata 
(crescent nail-tail wallaby) and Canis familiaris 
dingo (dingo)—found in Thylacine Hole. These 
carcases are considered to be between 2 000 and 

5 000 years old because they were associated with 
a Thylacinus cynocephalus carcase which has 
been radiocarbon dated at 4 650 ± 153 years BP, 
and a Canis familiaris dingo carcase which has 
been dated at 2 200 ± 96 years BP (Lowry and 
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Merrilees 1969). The fact that the fossil pollen 
belong to genera common in the present day 
vegetation, led Ingram (1969) to conclude that 
the climatic conditions in the area 2 000 to 5 000 
years ago, were similar to those of today. 

The conclusions of Ingram (1969), Thorne 
(1971) and Martin (1973) support the view of 
Jennings (1967), based on the retarded karst 
development of the Nullarbor Limestone, that 
there is little evidence for significant climatic 
changes in the Nullarbor Plain during the Quat¬ 
ernary. In a more recent publication Lowry and 
Jennings (1974) suggested that there have been 
changes in the water availability and effective 
precipitation in the Nullarbor karst during the 
Quaternary, but that they have never departed 
substantially in either direction from the present 
state. They concluded that the karst develop¬ 
ment on the Nullarbor “may owe much to the 
cold phases of the Pleistocene when effective 
precipitation, if not absolute precipitation, was 
in all probability greater than at present though 
still low” (Lowry and Jennings 1974, p. 79). 

There is some evidence which may support the 
view of Lowry and Jennings that there was an 
increase in effective precipitation on the Nullar¬ 
bor Plain during the Pleistocene glacial periods. 
Glauert (1912) found the remains of relatively 
large extinct marsupial species in the Balladonia 
area, and interpreted them as evidence of a more 
moist climate at some time during the Pleisto¬ 
cene. Similarly the finding of Sthenurus (an 
extinct large kangaroo) in Madura Cave led 
Lundelius (1963) to infer more humid conditions 
in the Pleistocene. These arguments for wetter 
conditions were based on the assumption that 
the “giant” marsupials could not have survived 
in relatively dry habitats. Such an interpreta¬ 
tion can be questioned because existing large 
marsupials in Australia appear to thrive under 
conditions more harsh than those now prevailing 
at the fossil sites of the Nullarbor Plain (Lowry 
and Jennings 1974). However, other evidence 
which may support Glauert’s conclusion, is 
offered by Richards (1971) who considered that 
the ancestors of various arthropods found in 
Nullarbor caves must have colonised that area 
when conditions were wetter. Furthermore, 
fossil land snails found in kankar from the 
Nyanga Plain (the area to the north and west 
of the Nullarbor Plain) were tentatively com¬ 
pared with the living species Bothrievibryon 
barretti by G. Kendrick (in Lowry 1970). While 
the fossil snails were found within the 150 mm 
isohyet, Lowry (1970) has found living snails 
only in areas with more than 250 mm of rain¬ 
fall. With the absence of absolute dates and 
reliable stratigraphic information it is not pos¬ 
sible to use this evidence to evaluate the sug¬ 
gestion that the climate of the Nullarbor may 
have been wetter during the glacial periods of 
the Pleistocene. Nevertheless, the evidence does 
at least suggest that wetter conditions have 
occurred. 

South-west 

Early work on cave deposits in the Cape 
Leeuwin-Cape Naturaliste region by Glauert 
(1910, 1914), Lundelius (1960) and others has 


been revised in a series of papers by Merrilees 
(1968a, b), Dortch and Merrilees (1972), Baynes 
et al. (1975), Balme et al. (1978), Porter (1979) 
and Merrilees (1979). They report a well-dated 
continuous sequence beginning before 37 000 
years BP (Mammoth Cave), from about 35 000 
to 5 000 years BP (Devil’s Lair) and from before 
8 000 years BP to the present day (Skull Cave), 
with notes on other less well-dated sites. 

It is clear that the region supported a very 
diverse mammal fauna in the Pleistocene. Some 
of the species represented in the cave sequences 
have a wide climatic tolerance (e.g. Trichosurus 
vulpecula —brush-tailed possum); species indica¬ 
tive of drier conditions are also found (e.g. Bct- 
tongia lesueur —burrowing rat-kangaroo); and 
remains of species which required rather wet, 
well-vegetated surroundings are also present in 
the cave deposits (e.g. Potorous tridactylus — 
long-nosed rat-kangaroo). At some time not yet 
precisely dated (or perhaps over some consider¬ 
able period) many large species including Zygo- 
maturus trilobus (a diprotodontid) disappeared 
from the record, and at some time later (late 
Pleistocene to early Holocene) several of the 
species most characteristic of drier climates, in¬ 
cluding Macroderma gigas (ghost bat), retracted 
their ranges out of the region. 

The reasons for the disappearance of the large 
extinct species are still obscure, but Merrilees 
(1979) suggests that the “dry climate” species 
were displaced in early Holocene time by the 
development or extension of dense karri forest 
like that of early historic time. The implication 
is that higher effective rainfall, perhaps with less 
extreme difference between wet and dry seasons, 
marked the beginning of the Holocene. 

An indication of possible Holocene climatic 
variations in the extreme south-west is given by 
Churchill (1968), who suggested that rainfall 
is the major determinant of the distribution of 
Eucalyptus marginata, E. diversicolor and E. 
calophylla. Changes in the E. diversicolor/E. 
calophylla ratio were thought to provide an index 
of precipitation changes; a relative increase of 
the E. diversicolor/E. calophylla ratio being 
indicative of wetter conditions. It appears from 
pollen analyses at Flinders Bay Swamp, Weld 
Swamp and Boggy Lake that conditions were 
relatively wetter between 6 000 and 5 000 years 
BP, followed by a trend towards drier conditions 
until about 2 500 years BP; after which wetter 
conditions apparently prevailed until about 1 300 
years BP, subsequently it became drier until 
about 500 years BP. From then to the present 
there was a trend towards higher rainfall. The 
similarity of Churchill’s findings, that in the 
south-west conditions were wetter between 6 000 
and 5 000 years BP, with the changes recorded 
in lakes of western Victoria (Dodson 1974a, b) 
and on Wilson’s Promontory, eastern Victoria 
(Hope 1974) led Bowler et al. (1976) to suggest 
that this constituted a climatic event which 
affected much of southern Australia. Kendrick 
(1978) described an assemblage of land snails 
from palaeosols occurring on and beneath the 
surface of an elevated ridge of aeolian calcar- 
enite from near Point d'Entrecasteaux. He con- 
concluded that the assemblage— Bothriembryon 
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gardneri, B. consors, species of Paralaoma, Magi- 
laoma, Pernagera, one other charopid and an 
undescribed assimineid—suggests a humid, well 
vegetated, probably forested environment in the 
Point d’Entrecasteaux area at the time of soil 
formation, in contrast to the exposed coastal 
heath that presently characterises the area. 
Unfortunately the actual age of this assemblage 
is as yet unknown. 

Kendrick (1977) found that fossil molluscs 
from a mid-Holocene deposit near Guildford 
have a greater marine affinity than the present 
assemblage in that area. The fossil deposits 
have a radiocarbon age of 6 600 ± 120 years BP, 
coinciding approximately with the Holocene mar¬ 
ine transgression. It follows that a greater mar¬ 
ine influence would be expected in this part of 
the Swan River at that time. But despite this, 
given the present river discharge conditions near 
Guildford, Kendrick argued that river discharge 
and seasonality were much lower than at present, 
which implies that drier climatic conditions pre¬ 
vailed in the Guildford region from at least 6 700 
years BP until some time after 4 500 years BP. 


Northern areas 

Kendrick (1978) has recently described two 
new species of Bothriembryon snails from pal- 
aeosols in the Shark Bay district. The two 
species, B. douglasi and B. ridei, have no known 
living descendant in that area. Their extinction 
at about 80 000 years BP, and the subsequent 
appearance of camaenid snails ( Rhagada, Pie c- 
torhagada and Angasella species), as well as the 
size reduction of B. co stulatus, are thought to 
have resulted from the onset of more arid con¬ 
ditions in that area at that time. More humid 
conditions are thought to have returned to the 
area since about 10 000 years BP. 

Other evidence of Pleistocene climatic events 
in northern Western Australia comes from Mayr 
(1944) who discussed the avian faunal exchanges 
which evidently occurred between Timor and 
Australia during the period of each Pleistocene 
glaciation. The fact that most of the recent 
arrivals from Timor were grassland birds led 
Mayr to conclude that the climatic conditions 
prevailing during each glacial were at least as 
dry or drier than at present. A vertebra from 
the Ederga River and a tooth from the Gascoyne 
River district mentioned by Merrilees (1968b, p. 
15, the latter tentatively classed as “varanid”) 
may represent crocodilians (D. Merrilees, 1978, 
pers. comm.), and if so, would imply a possible 
southward extension of tropical conditions at 
some time in the Pleistocene. 

Gorter and Nicoll (1978) have recently dis¬ 
cussed the occurrence, at Windjana Gorge, of 
indeterminate crocodilian and turtle remains in 
river gravels of possible Pleistocene age, which 
may however be as old as early Miocene. The 
authors claim that the crocodilian remains do 
not have any important palaeoenvironmental 
significance. But the presence of remains of the 
river turtle Carettochelys implies a warmer 
climate than the present one in north-western 


Australia. However, Gorter and Nicoll stress 
that without more evidence this conclusion is 
speculative. 

An indication of part of the Holocene climatic 
history of the northern areas is given by Jen¬ 
nings’ (1975) work in the Fitzroy estuary. At 
present this area experiences a long dry season 
which in part results in low mangrove forest and 
mangrove scrub. The stratigraphy of two 
embayments in the Fitzroy estuary indicates a 
much wider extent of mangrove swamp at about 
7 400-6 000 years BP. In addition the occurrence 
of fossil stumps of mangrove larger than those 
of today suggest that tall mangrove forest pre¬ 
vailed at that time. From this, Jennings con¬ 
cluded that at the time a longer and heavier wet 
season characterised the Fitzroy region. In sup¬ 
port of his conclusions Jennings cited Stocker 
(1971) who suggested that a decline in annual 
rainfall or a lengthening of the dry season had 
taken place on Melville Island between 8 000 and 
2 000 years BP. Present day jungle fowl on 
Melville Island inhabit closed communities, par¬ 
ticularly monsoon forest. The discovery of 
ancient mound nests in eucalypt forest led 
Stocker (1971) to suggest that there has been a 
gradual decrease in monsoon forest on the island 
resulting from either a reduction in rainfall or 
the effects of the Aborigines through their use 
of fire. 


Geomorphological-geological evidence 

Longitudinal sand dunes occupy a large area 
of the Australian continent, but are presently 
active only in the arid centre. The occurrence 
of vegetated dunes on the present desert margins, 
similar in form to their more arid counterparts, 
provide the most striking evidence of the exten¬ 
sion of more arid conditions, at some time in the 
past. An understanding of the timing and dev¬ 
elopment of these sand dunes, taken in conjunc¬ 
tion with the evidence from lake lunettes, has 
added much to our understanding of Australian 
Quaternary palaeoclimates (see Bowler (1976) 
for a review of much of this evidence). 

In Western Australia aeolian evidence for a 
former extension of arid conditions is wide¬ 
spread. Veevers and Wells (1961) described the 
now stabilised sand dunes and sheets of the 
Canning Basin, and attributed their development 
to an arid phase some time in the Pleistocene. 
Earlier work by Fairbridge (1953) and Brunn- 
schweiler (1957) had already led to the recogni¬ 
tion of now stable large aeolian bedforms in this 
area. Both authors attributed them to the oc¬ 
currence of extended arid conditions during the 
Pleistocene. Brunnschweiler (1957) suggested 
that the inland dunes of the Dampier Peninsula 
(a term he applied to the area west of King 
Sound) are continuous with dunes further in¬ 
land, and proposed that the dunes formed in the 
Pleistocene during a period corresponding with 
the Riss Glacial of Europe; however there is no 
evidence put forward by the author which sup¬ 
ports this age estimate. Fairbridge (1953) fol¬ 
lowed Mayr’s (1944) discussion, referred to in an 
earlier section, and concluded that these dunes 
stem from a glacial period. In a later work 
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Fairbridge (1964) compared the way the fixed 
longitudinal dunes in the Fitzroy area appear to 
descend below present sea level, as also described 
by Wright (1964), with an analogous situation 
in the lower Senegal Valley, and postulated arid 
conditions and associated dune formation in the 
Fitzroy area during the last glacial. 

The stratigraphic evidence provided by Jen¬ 
nings (1975) confirmed the superficial appearance 
of the burial of the desert dunes by estuarine 
fill. A minimum age of 8 000 years BP was in¬ 
ferred from the depth of buried dune sand, while 
a maximum age of about 140 000 years BP was 
suggested on the basis of well-presented dune 
shape. Jennings (1975) related his findings to 
those of van Andel et al. (1967) who interpreted 
the occurrence of brown calcareous nodules 
(kankar) in the sediments dated at 17 000 years 
BP on the Sahul Shelf, as evidence of drier 
climatic conditions at the last glacial maximum. 
From this evidence Jennings (1975) reached the 
conclusion that the most probable time for dune 
formation in the Fitzroy area was at approxi¬ 
mately 20 000 years BP. 

Evidence in support of this age estimate for 
the formation of these dunes conies from the 
abundance of quartz in Indian Ocean sediments 
dated at about 18 000 years BP (Kolia and Bis- 
caye 1977). The quartz particles found in these 
sediments are derived from the adjacent contin¬ 
ental area, and the higher amounts of quartz in 
the sediments suggest increased continental 
aridity and/or increased intensity of wind at the 
time of deposition. 

Further south in the Exmouth Gulf area at 
least two inland dune units can be distinguished 
(Wyrwoll, unpublished). Both appear to predate 
the Holocene transgression. The older dune 
unit is capped by a thick indurated calcrete 
horizon, while on the younger dunes more weakly 
developed calcareous soils are found. No abso¬ 
lute ages for these dune units are yet available. 
The presently vegetated dunes of the Gascoyne- 
Minilya-Lyndon Plain appear to correspond to 
the younger dunes of the Exmouth Gulf. This 
dune unit seems to predate the evaporite 
sequence of Lake Macleod. So far it has not 
been possible to develop a convincing strati¬ 
graphy of the Quaternary sediments of the Ex¬ 
mouth Gulf-Gascoyne area which would time 
bracket the two dune units with sufficient resolu¬ 
tion. 

Logan et al. (1970) describe two red sand dune 
units in the Shark Bay region. In the upper 
part, the older unit (the Feron Sandstone) has 
a strongly developed nodular calcrete horizon. 
The Peron Sandstone may correspond to the 
older dune unit recognised in the Exmouth Gulf 
area. Although Logan et al. provide a compre¬ 
hensive account of the stratigraphy of the Quat¬ 
ernary sequence of the Shark Bay area, the abso¬ 
lute age of the Peron Sandstone remains uncer¬ 
tain. However, the Peron Sandstone is overlain 
by the Dampier Transgression, and 230 Th/ 234 U 
dating on corals from this transgression is now 
being undertaken (W. J. E. van de Graaff, 1978, 
pers. comm.), which will provide at least a 
minimum age for the Peron Sandstone. The 


younger dune unit, the Nilemah Sands of Logan 
et al., consists of unconsolidated red sands which 
overlie the other Pleistocene formations of this 
area. This unit corresponds to the unconsoli¬ 
dated dunes of the Gascoyne Plain-Exmouth 
Gulf region. Degraded inland dune forms can 
be identified as far south as the Geraldton- 
Mullewa area (Johnson et al. 1954; Wyrwoll 
unpublished). Further inland Mabbutt (1963a, 
b) found that an arid event affected the Murchi- 
sonia and Salinaland divisions (Jutson 1950), 
but was unable to determine an age for this 
event, except to conclude that it took place some 
time during the Pleistocene. The yellow sands 
which occur throughout the Perth Basin have 
been interpreted by Glassford and Killigrew 
(1976) as a relict aeolian desert sediment derived 
from sources on the Yilgarn Block and in the 
Perth Basin. Their conclusion is based on the 
textural characteristics and mineralogy of the 
sands, and the occurrence in the sands of kaolin 
spherites (see Killigrew and Glassford 1976) 
which they claim have not been observed in 
marine derived coastal dune or aeolian calcar- 
enite sediments. 

In the south Bowler (1976) has dated lunette 
deposits which fringe Lake Kurrenkutten, 
Storey’s Lake, Lake Grace and Lake King. The 
results indicate that a short-lived lunette¬ 
building event took place between 20 000 and 
15 000 years BP, during a period of hydrologic 
stress; this is an event which has been widely 
recognised throughout much of southern Aus¬ 
tralia. 

Other geomorphological evidence of Quater¬ 
nary climatic change in Western Australia is 
not well documented. The conclusions that Jen¬ 
nings (1967) and Lowry and Jennings (1974) 
arrived at with respect to the degree of karst 
development on the Nullarbor Plain have already 
been noted. Wright (1964) envisaged that the 
onset of drier climatic conditions in the Pleisto¬ 
cene led to the formation of floodplains along 
the Fitzroy and Lennard Rivers and their tribu¬ 
taries; and to the extensive alluviation mar¬ 
ginal to upland areas in the Fitzroy Basin. 
Further south in the Geraldton area a “Red 
Alluvium’’ unit has been described, and dated 
at earlier than approximately 40 000 years BP 
(Wyrwoll 1977). The “Red Alluvium” overlies 
marine deposits, which on the basis of the mol- 
luscan fauna and coastal stratigraphy, were 
attributed to a last interglacial high sea level, 
thought to have occurred at about 120 000 years 
BP (Veeh 1966). At the time of deposition of 
the “Red Alluvium” streams carried a much 
coarser bed load than at present, and appear to 
have had a greater competence and capacity 
than the present streams. Sediment yields at 
the time of deposition of the “Red Alluvium” 
were almost certainly considerably higher than 
at present. It was tentatively concluded that 
semi-arid conditions with intense rainfall events 
occurring more frequently than today, may have 
prevailed at the time of deposition of the “Red 
Alluvium”. 

A fine textured, inset alluvial fill from the 
Geraldton area, described informally as the 
“Grey Alluvium” and originally dated at 3 185 
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± 145 years BP (Wyrwoll 1977) has recently 
been used by Williams (1978) to support a postu¬ 
lated continent-wide climatic change between 
approximately 4 000 and 1 500 years BP. In the 
Southern Tablelands of New South Wales this 
event may have led to a change in rainfall 
seasonality, to lower temperatures, and to drier, 
windier conditions. Since the original date was 
published an additional 14 C date with an age of 
1 375 ± 120 years BP (GX-5133), has been 
obtained for the “Grey Alluvium”. The two 
dates demonstrate the diachronous nature of this 
alluvial deposit, and question the validity of 
using the older date as a reliable upper limit for 
the age of the “Grey Alluvium”. 

A discussion of the palaeoclimatic significance 
of palaeosols found in the Tamala Limestone 
was undertaken by Fairbridge and Teichert 
(1952). These authors believed that the soil 
horizons which separate a number of dune 
generations in the Tamala Limestone indicate 
minor and short-lived climatic cycles. They 
claim a change from rendzinas near Hamelin 
Bay, to terra rossas at the latitude of Fremantle, 
and travertine crusts along the coast, further 
north of Houtman Abrolhos. The authors sug¬ 
gest that this gradation of fossil soils confirms 
their belief that at times during the Pleistocene 
most of the south-west was subject to more arid 
conditions. 


Limitations of the evidence 

Several authors have pointed out the limita¬ 
tions of the various lines of evidence that have 
been used for Quaternary palaeoclimatic recon¬ 
struction in Australia (Jones 1968; Merrilees 
1968b; Ride 1968; Calaby 1971; Galloway 1971; 
Walker 1976, 1978). It has become apparent 
that palaeoclimatic inferences drawn from plant 
and animal remains should be made with cau¬ 
tion. Walker (1976) has painted a rather grim 
picture of the present reliability of pollen data 
for postulating past climatic conditions. In the 
context of faunal remains and distributions 
Calaby (1971) has pointed out that homoiother- 
mic and at least the larger poikilothermic 
animals, have a wide climatic tolerance. The 
possible role that the Aborigines played in modi¬ 
fying the ecology of the Australian biota (Tin- 
dale 1957; Merrilees 1968b; Jones 1968, 1975; 
Hallam 1975) must also be considered when 
interpreting biotic evidence in terms of palaeo¬ 
climatic events. 

Similarly the geomorphological-geological evi¬ 
dence poses considerable problems. The use of 
alluvial deposits as palaeoclimatic indicators has 
led to imprecise and often widely conflicting 
results (see the summary in Flint 1971, p. 306). 
The reasons why such discouraging results have 
been obtained can be readily understood when 
the factors controlling the likely alluvial response 
to climatic changes are considered, and the 
equifinality of the problem appreciated (e.g. 
Schumm 1965; Gessler 1971). Approaching the 
study of alluvial deposits from the point of view 
of the palaeohydraulics of the sediments may 
overcome at least some of the difficulties. 


The absence of reliable dates for dune-building 
phases is also a major stumbling block, although 
it is hoped that dates from pedogenic carbonate 
may at least give some indication of the timing 
of these events. The interpretation of the Perth 
Basin yellow sand as a relict aeolian desert sedi¬ 
ment has been criticised by Lowry (1977), and 
although some of the criticism has been answered 
by Glassford and Killigrew (1977), the need for 
a more comprehensive presentation and discus¬ 
sion of the evidence remains (cf. Clark and 
Dortch 1977, who also consider the age and 
origin of the yellow sand). 


Chronology of events 

The weakness of the available evidence is high¬ 
lighted when any attempt is made to outline the 
chronology of the late Quaternary climatic his¬ 
tory of Western Australia. The absence of a 
continuous record, the few absolute dates, and 
the problems associated with the interpretation 
of the available evidence, make it impossible to 
give anything other than a crude and incomplete 
outline of the late Quaternary climatic history 
of this area. 

80 000-20 000 years BP. Evidence from the 
central coastal area suggests that in this area the 
beginning of this period may have seen the onset 
of arid conditions, which appear to have pre¬ 
vailed until the beginning of the Holocene. The 
early part of this period saw the frequent occur¬ 
rence of high precipitation events leading to high 
sediment yields, and resulting in extensive 
aggradation in the Geraldton area. The now 
drier parts of the south may have experienced an 
increase in effective precipitation during part of 
this period. 

20 000-10 000 years BP. Until about 14 000 
years BP intense widespread aridity affected 
much of Western Australia. The now stabilised 
and partly degraded dune fields, which in the 
coastal region extend from the Fitzroy to the 
Geraldton-Mullewa areas, were formed during 
this period. The Devil’s Lair sequence suggests 
a significant reduction in the effective precipita¬ 
tion of the lower south-west at the same time. 
In the south-west and Nullarbor Plain relatively 
dry conditions seem to have prevailed until the 
end of the Pleistocene. 

10 000 years BP to present. The climatic 
record for this period as for the earliest period 
is very incomplete. The onset of the Holocene, 
with a rising sea level and higher sea surface 
temperature is likely to have seen a significant 
increase in precipitation over much of Western 
Australia. During the period 7 400-6 000 years 
BP, the north-west appears to have received a 
higher rainfall which extended further south 
than at present. More arid conditions may have 
prevailed in the south-west from 6 700 years BP 
to about 4 500 years BP. The pollen evidence 
from the extreme south-west suggests increased 
precipitation over the period 6 000-5 000 years 
BP, followed by drier conditions which prevailed 
until 2 500 years BP. 
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Mechanism of arid-zone extension 

A dominant theme which emerges from the 
available literature is the apparent expansion of 
the arid zone, probably at various times during 
the Quaternary. The most recent widespread 
expansion appears to be well documented and 
seems to have coincided with the last glacial 
maximum (Jennings 1975; Bowler 1976; Wyrwoll 
and Milton 1976; Kolia and Biscaye 1977). This 
was an event which in Australia led to an exten¬ 
sion of the arid zone along the whole of its 
present perimeter (Bowler et al. 1976); and which 
can be related to the expansion, at that time, 
of low latitude arid areas throughout the world 
(Sarnthein 1978). 

Pew attempts have been made to interpret 
this generally accepted expansion of the arid zone 
in terms of the climatic controls that may have 
prevailed at that time. One approach that can 
be taken to obtain an indication of the dynamic 
palaeoclimatology of past events, is to use the 
extremes of the present circulation as an anal¬ 
ogue for past conditions (see Barry 1975). The 
assumption inherent in any analogue approach 
is that the present-day climatic variability in¬ 
cludes conditions which were sufficiently frequent 
in the past to give rise to a substantially different 
climatic regime (Dzerdzeevski 1963). This 
amounts to assuming a form of climatic uni- 
formitarianism which, in the light of changing 
boundary conditions and a possibly almost 
“intransitive atmosphere’’—where the set of 
equations which represent the behaviour of the 
atmosphere has a number of solutions, each 
representing a possible condition of the atmo¬ 
sphere (Lorenz 1976)—is unrealistic. Even over 
decades, changes of climatic characteristics have 
been recognised that cannot be attributed to 
changes in the frequency of a particular circula¬ 
tion pattern, but which arise through changes 
in the characteristics associated with the circu¬ 
lation (e.g. Perry and Barry 1973). Despite 
these serious limitations an analogue approach 
may serve as a useful first approximation to a 
partial explanation of past climatic events. 

The present climate of Western Australia is 
strongly influenced by the subsiding air of the 
sub-tropical high pressure belt (STH) (Gentilli 
1971, p. 53) which is linked with the descending 
branch of the low-latitude Hadley cell—the 
direct cause of much of the widespread aridity 
of sub-tropical latitudes (Hare 1961). The sea¬ 
sonal displacement of this belt is an important 
control on both the summer precipitation of the 
north and the winter rainfall of the southern 
areas of Western Australia. 

The seasonal shifts of the Intertropical Con¬ 
vergence Zone (ITCZ) dominate the dynamic 
climatology of the northern areas. It is in this 
zone that the tropical rain-producing disturb¬ 
ances originate (Charney 1968; Bates 1970), so 
that the location of this feature is fundamental 
in determining the rainfall of adjacent areas 
The location of the ITCZ is linked to the meri¬ 
dional temperature gradient of both hemispheres 
(Newell 1973), and seems to be determined by 
low-level convergence in the tropical boundary 
layer (Charney 1968). Prevailing sea-surface 


temperatures also seem to play an important role 
in determining the location of the ITCZ (Char¬ 
ney 1968; Pike 1971). The ITCZ only reaches 
northern Australia in summer when the STH has 
been displaced to the south. Associated with the 
ITCZ is an inflow of moist, unstable air which 
gives rise to the “Australian summer monsoon”. 
This monsoon circulation however, is shallow and 
weak, and only a pale imitation of its Asian 
counterpart. 

Despite the fact that during the summer 
months the STH cells are located far to the 
south, they can still exert a marked influence 
on the precipitation of the northern areas. In¬ 
tense anticyclones situated over the Australian 
Bight can give rise to a quite stable atmosphere 
above the Pilbara heat low, and through this 
prevent the incursion of monsoonal depressions 
and disturbances into the northern areas 
(Rutherford and Hannan 1956; Falls 1970). 

A comparison between the rainfall received by 
northern Australia in February 1952, and Febru¬ 
ary 1953, highlights the control that the STH 
exerts on the rainfall of the northern areas. In 
February 1952, when northern Australia was in 
the middle of its worst drought in 60 years, the 
highs migrated 5° closer to the equator than 
normal. In February 1953, however, when rain¬ 
fall was high the track of the migrating highs 
lay up to 10° poleward of normal (Ramage 1971, 
p. 273). 

The winter rainfall of the southern area of 
Western Australia is largely associated with 
moist unstable westerly winds and with the 
associated troughs in this westerly airstream. 
The mean depression track and the associated 
zone of maximum rainfall are situated off the 
south-west coast, and this accounts for the 
decreasing precipitation gradient northward 
(Wright 1974). Pittock (1973, 1975) has demon¬ 
strated a correlation between the latitude of the 
STH and the amount of precipitation received by 
the south-west. This correlation has been sub¬ 
stantiated by Wright (1974) whose work focuses 
on the south-west of Western Australia. These 
authors have shown that a more southerly loca¬ 
tion of the STH can significantly reduce the 
winter rainfall received by the south-west. 

Using the present climatic regime as an ana¬ 
logue for past conditions it is evident that an 
increase in anticyclonicity would directly result 
in widespread aridity over much of Western 
Australia. Wyrwoll and Milton (1976) have 
argued that the lowering of the mean July sea 
and land surface temperatures (Climap 1976; 
Gates 1976a, b) would have thermally intensified 
the anticyclone. The resultant anticyclone would 
have combined the high pressure qualities of 
both anticyclonic types—warm and cold (Wexler 
1951)—and therefore would have been extremely 
intense (also see Derbyshire 1971). Under these 
conditions the frequency of breakdown of anti¬ 
cyclonic cells would have been considerably 
lower, and with the consequent development of 
blocking conditions, winter rainfall would have 
been confined to the extreme south-west of West¬ 
ern Australia. 
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To describe the synoptic conditions governing 
the summer months during full glacial periods 
it was envisaged (Wyrwoll and Milton 1976) that 
anticyclonic conditions would have weakened, 
but possibly only to the extent that conditions 
were more similar to those of the present day 
late spring or early autumn. This would imply 
that during the full glacial summer the STH 
was located significantly further north than 
during the present summer months. From the 
present day situation it is clear that this would 
have been a very effective mechanism in reduc¬ 
ing the rainfall received by the northern areas. 

A northward displacement of the STH during 
glacial summers is supported by the so called “Z” 
criterion developed by Smagorinsky (1963), and 
subsequently used by Flohn (1964, 1965) for 
locating the position of the STH. The “Z” cri¬ 
terion takes the form 

a 9ln0 PE /3y 

cot <p =- (1) 

Tt 91n# PE /9z 

where 0 is the latitude of the STH, h a scale 
height of the atmosphere of about 9 km, which 
approximates the height of the 500 mb surface, 
and a is the radius of the earth, 0 PE is the partial 
potential equivalent temperature (see Appendix 
1), and z and y are the vertical and horizontal 
axes respectively. Instead of using the potential 
equivalent temperature Flohn (1965) has 
approximated equation (1) by using the poten¬ 
tial temperature ( e ) and by relating this to the 
actual temperature, Flohn has prepared a nomo¬ 
gram from which the effect of changes in the 
meridional and vertical temperature gradients 
on the position of the STH can be read (Fig. 2). 



Figure 2.—Location of the subtropical high pressure 
cell (<p) as a function of the meridional and verti¬ 
cal temperature gradients (after Flohn 1965). 


The validity of the “Z” criterion appears to 
have been established by Korff and Flohn (1969) 
who demonstrated a close relationship between 
the monthly mean equator-pole potential tem¬ 
perature gradient—which they took as a crude 
approximation for de PB /d y—and the position of 
the STH. Further support was offered by Pit- 
tock (1973), who found that equation (1) fairly 
accurately predicts the monthly mean latitude of 
the STH over Australia. However, Greenhut 
(1977) has recently developed a new criterion 
for locating the STH which predicts an 
opposite response to changes in 20 PE /9y and 
c?0 pe /9z to those predicted by the “Z” criterion. 


It is difficult to reconcile the prediction of this 
new criterion with the success met by Korff and 
Flohn and Pittock when using the “Z” criterion. 
These two studies would appear to suggest that 
the adoption of the “Z” criterion is a valid first 
approximation despite Greenhut’s conclusions. 

During glacial periods the overall meridional 
temperature gradient of the upper troposphere 
may have been similar or even less than that of 
today (Kraus 1973; Williams 1978). However, 
it is likely that a strengthened meridional tem¬ 
perature gradient occurred in the middle tropo¬ 
sphere over the mid-latitudes. According to 
Korff and Flohn these are the latitudes which 
determine the location of the STH. From Figure 
2 it is evident that an increase in the mid-lati¬ 
tude meridional temperature gradient would 
be further enhanced if an increase in the vertical 
temperature gradient had taken place. For 
equatorial areas Kraus (1973) suggested that 
during glacial conditions a three-fold amplifica¬ 
tion of the changes in sea surface temperature 
occurred by the time the ascending air reached 
the upper troposphere. This occurred as the 
result of a decrease in latent heat release, and 
would only be significant over areas with a sea 
surface temperature greater than approximately 
20°C. In addition there is some evidence from 
South-East Asia (Verstappen 1975) and New 
Mexico (Wright et al. 1973) that during full 
glacial conditions a lapse rate of temperature 
with height greater than present, may have pre¬ 
vailed at least in the lower latitudes. The com¬ 
bined evidence suggests that an equatorward dis¬ 
placement of the STH during full glacial condi¬ 
tions would have been highly likely. 

A northward displacement of the STH should 
result in a concomitant displacement of the 
ITCZ and the depressions associated with it. 
Available evidence (Bryson 1974; Beer et al. 
1977) suggests that the amount of northward 
displacement of the STH would be amplified, 
possibly up to three times, with respect to the 
ITCZ. Evidently an equatorward displacement of 
the STH would be very effective in causing the 
extension of arid conditions in the northern 
areas. 

In addition, because of the high contribution 
that tropical cyclones make to the annual pre¬ 
cipitation of the north-west (Milton 1978), wide¬ 
spread aridity in that area during the last glacial 
maximum implies an absence of tropical cyclones 
at that time. Whether this was due to an ab¬ 
sence of cyclogenesis as a result of reduced sea 
surface temperatures (Webster and Streten 1972) 
or simply a more westerly seaward path is not 
possible to establish. As tropical cyclones are 
very effective converters of potential to kinetic 
energy, and play an important role in the general 
circulation of the atmosphere (Landsberg 1960), 
a possible absence of tropical cyclones during full 
glacial periods would have important repercus¬ 
sions on the general circulation. 

An equatorward displacement of the STH dur¬ 
ing full glacial stages has also recently been 
suggested by Rognon and Williams (1977) and 
appears to be supported by the available geo- 
morphological evidence. The orientation of 
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clay lunettes in southern Australia suggests that 
the summer anticyclone over Australia in full 
glacial times was positioned some 5° further 
north than today (Bowler 1976). In addition 
Bowler envisaged a strengthening of the west¬ 
erly air flow over southern Australia at that time. 
In Western Australia the geomorphological evi¬ 
dence of dune and lunette orientation appears to 
support this reconstruction. But this circulation 
pattern is fundamentally different from that 
required by Glassford and Killigrew (1976) to 
account for the derivation of the Perth Basin 
yellow sand. Their interpretation implies that 
surface easterlies prevailing as far south as the 
Leeuwin Block, occurred with sufficient fre¬ 
quency and intensity to transport large volumes 
of sand westward. This, taken in conjunction 
with the proposed extension of desert conditions 
to the coast, could only occur under a circulation 
pattern in which the STH during a large part of 
the winter, is located further south than its pre¬ 
sent summer location. Prom equation (1) it 
follows that this could only occur during periods 
in which a substantial increase in dd PF Jdz and/or 
a decrease in dd PE /dy had taken place. While it 
would seem that such an extreme southward dis¬ 
placement of the winter STH is unlikely, if it did 
occur it would almost certainly have occurred 
during interglacial stages. 

During the present interglacial the maximum 
southward displacement of the STH should have 
occurred at the “climatic optimum’’ (approxi¬ 
mately 6 000 years BP) when increased global 
temperatures and higher atmospheric moisture 
content may have significantly reduced dd PF Jdy 
and/or increased de PF Jdz. Prom the previous 
discussion of the present precipitation controls, 
it follows that if the STH was displaced .south¬ 
ward at approximately 6 000 years BP, climatic 
conditions more arid than at present should haye 
occurred in the south-west of Western Australia 
at that time. Kendrick’s (1977) conclusions 
seem to support this idea, but this is rather scant 
evidence in view of the earlier work by Churchill 
(1968), and the discussion of the Australian 
mid-Holocene climatic evidence by Bowler et al. 
(1976). However, if it is valid that the location 
of the STH is as important a control of rainfall 
in Western Australia as has been suggested, then 
there is an additional way in which the idea that 
there was a significant southward displacement 
of the STH at about 6 000 years BP can be tested, 
and Kendrick’s conclusions at least partially 
checked. It follows that if a significant south¬ 
ward displacement of the STH took place at that 
time, and that this displacement also character¬ 
ised the circulation of the summer months, 
higher summer rainfall extending further south 
can be expected in the northern areas at that 
time. Jennings’ (1975) conclusion, that during 
the period 7 400-6 000 years BP a heavier wet 
season characterised the Fitzroy region, may lend 
some support for the idea outlined above. 

If it is tentatively concluded that during inter¬ 
glacial stages, a significant southward displace¬ 
ment of the STH can occur, which may lead to 
more arid conditions in some parts of the south¬ 
west, it remains to be shown whether during 
previous interglacial stages, this southward dis¬ 


placement could have been extreme enough to 
lead to an extension of arid conditions as far 
south as the Leeuwin Block. The suggestion that 
such a massive southward extension of arid con¬ 
ditions may have occurred during a past inter¬ 
glacial stage is certainly difficult to reconcile 
with what is thought to happen in low-latitude 
arid areas during interglacial stages (see 
Sarnthein 1978). In addition aridity extending 
as far as the coast in a western littoral during 
a period in which sea surface temperatures were 
higher than at present is difficult to visualise. 

Doubts remain whether it is really necessary 
to invoke a significant displacement of the STH 
to account for the aridity of the northern areas 
during full glacial conditions. Manabe and 
Hahn (1977) showed that tropical continental 
aridity at glacial maximum is closely related to 
stronger surface outflow (or weaker inflow) over 
tropical areas. This resulted from the hydro¬ 
static response to the greater reduction of sur¬ 
face temperatures over continents than oceans 
and the increased albedo value that character¬ 
ised tropical areas at that time. Increased albedo 
values over sub-tropical areas are important in 
leading to the extension of arid conditions. In¬ 
creasing the albedo of a surface contributes to 
a net loss of radiative heat thereby creating 
a horizontal atmospheric temperatui’e gradient 
with respect to the surrounding areas. Through 
this a circulation is set up which transfers heat 
aloft and maintains thermal equilibrium through 
sinking and adiabatic compression (Charney 
1975). In sub-tropical areas this subsidence is 
superimposed on the descending branch of the 
Hadley Cell, clearly accentuating its effect. The 
positive feedback relationship which is set up as 
the result of increased albedo values almost 
implies that “the desert feeds upon itself’’ 
(Charney 1975). 

A number of other considerations also point 
to the fact that during full glacial conditions 
much of Western Australia must have been much 
drier than today. Analyses of Indian Ocean cores 
(Vella et al. 1975; Williams and Johnson 1975; 
Be and Duplessy 1976) show that during the 
last full glacial an equatorward shift of the Aus- 
tralian-Subantarctic front and the Sub-Tropical 
Convergence zone took place, with the result that 
much lower sea surface temperatures character¬ 
ised the ocean off Western Australia. Microfaunal 
and oxygen isotope analysis of core RC9-150 (Be 
and Duplessy 1976), taken from the continental 
slope 125 km north-west of Perth, showed that 
mean summer sea surface temperatures at 18 000 
year BP were up to 6C° lower than those of 
today. 

Sea surface temperatures exert an important 
control on precipitation (e.g. Namias 1975; 
Wright 1977), and in tropical areas show a 
strong correlation with storm frequencies 
(Wendland 1977). Today the presence of warm 
water off the coast in winter makes south-west¬ 
ern Australia far wetter than any correspond¬ 
ing western littoral (Gentilli 1952, 1971; Lydolph 
1957). An examination of the rainfall distribu¬ 
tion of the dry western littorals of the various 
continents (Lydolph 1957), revealed that except 
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for Western Australia the annual rainfall 
increases inland from the driest area which lies 
in a narrow coastal strip. This extreme aridity 
in the immediate coastal belt may be explained 
by the stabilising effect of a cold offshore current, 
which today is largely absent off the coast of 
Western Australia (Wooster and Reid 1963). In 
the Indian Ocean the low-latitude ocean circula¬ 
tion is strongly determined by the trade winds 
(Knauss 1963). With an increase in the strength 
of the trades during full glacial periods, which 
now seems likely in the light of evidence from 
different parts of the world (e.g. Parkin 1974; 
Molina-Cruz 1977) a cold offshore current along 
the coast of Western Australia can be expected. 
In any event with the considerably lower sea 
surface temperatures, that the deep-sea core 
evidence suggests, a tendency towards aridity 
should have been pronounced. This conclusion 
was in part anticipated by Brooks (in Mayr 1944) 
over 30 years ago. He suggested that during full 
glacial conditions a cold current was present off 
the west coast of Australia, which he suggested 
would only be a winter-time phenomenon. The 
presence of this current ‘‘would have had the 
effect of extending the winter-time high pressure 
area and contributing at this season to the 
aridity of the west coast of Australia” (Mayr 
1944, p. 129). 

The existence of arid conditions over parts of 
Western Australia during full glacial periods 
would have been further facilitated by the ex¬ 
posed continental shelves of those periods. That 
the increased continentality would result in an 
appreciable reduction in the precipitation re¬ 
ceived by the north-west was again pointed out 
by Brooks, and more recently reiterated by Nix 
and Raima (1972). The important control that 
this mechanism is likely to have had on the late 
Quaternary climates of the Nullarbor Plain 
(Martin 1973; Martin and Peterson 1978) was 
noted in an earlier section. 


Summary 

Despite the sketchy nature of the evidence it 
is now apparent that Western Australia experi¬ 
enced widespread climatic changes over the last 
80 000 years. Of these changes the most severe 
was clearly the arid phase which characterised 
part of the closing 10 000 years of the Pleistocene. 
Arid-zone extension, coinciding with the global 
glacial maxima, must have been a recurrent 
feature of the Pleistocene climatic history of 
Western Australia. This inference is in part 
supported by the stratigraphy of the Quaternary 
sediments of the Shark Bay-Exmouth Gulf area. 
But it needs to be borne in mind that aridity in 
Australia finds its origin in the late Tertiary 
(see Bowler 1976), so that the Pleistocene exten¬ 
sions of the arid zone are the culmination of a 
trend which started some 10 million years ago. 
The extreme arid phases of the Pleistocene must 
have deeply influenced the lives of the original 
human inhabitants of this part of the continent, 
and their effect on both flora and fauna was 
equally profound. Similarly much of the physi¬ 
cal landscape still bears the imprint of these 
phases. 


Acknowledgements .—I am grateful to W. J. E. van de 
Graaff, D. Merrilees, J. Gentilli and I. Watson for con¬ 
structive criticism of an earlier draft of the manu- 
scrip'. A. B. Pittock was most helpful in commenting 
on the use of the “Z” criterion. I thank D. Glassford 
for discussion. Without the help of my wife this paper 
would not have been completed. 


References 

Balme, J., Merrilees, D. and Porter, J. K. (1978).—Late 
Quaternary mammal remains spanning 
about 30 000 years, from excavations in 
Devil’s Lair, Western Australia. J. R. S oc. 
West. Aust. 61: 33-65. 

Barry, R. G. (1975).—Climate models in palaeoclimatic 
reconstruction. Palaeogeog., Palaeoclim., 

Palaeoecol. 17: 123-137. 

Bates, J. R. (1970).—Dynamics of disturbances on the 
Intertropical Convergence Zone. Quart. J. 
R. Met. Soc. 96: 677-701. 

Baynes, A., Merrilees, D. and Porter, J. K. (1975).— 
Mammal remains from the upper levels of 
a late Pleistocene deposit in Devil’s Lair, 
Western Australia. J. R. Soc. West. Aust. 58: 
97-126. 

Be, A. W. H. and Duplessy, J. C. (1976).—Subtropical 
convergence fluctuations and Quaternary 
climates in the middle latitudes of the 
Indian Ocean. Science 194: 419-422. 

Beer, T., Greenhut, G. K. and Tandoh, S. E. (1977).— 
Relations between the Z criterion for the 
subtropical high, Hadley cell parameters and 
the rainfall in Northern Ghana. Mon. Wea¬ 
ther Rev. 105: 849-855. 

Bowler, J. M. (1976).—Aridity in Australia: age, origins 
and expression in aeolian landforms and 
sediments. Earth Science Review 12: 279- 
310. 

Bowler, J. M., Hope, G. S., Jennings, J. N., Singh G. and 
Walker, D. (1976).—Late Quaternary climates 
of Australia and New Guinea. Quaternary 
Research 6: 359-394. 

Brunnschweiler, R. O. (1957).—The geology of the Dam- 
pier Peninsula, Western Australia. Aust. 
Bur. Min. Res. Report 13. 

Bryson, R. A. (1974).—A perspective on climatic change. 
Science 184: 753-760. 

Burbidge, N. T. (1952).—The significance of the mallee 
habit in Eucalyptus. Proc. R. Soc. Qld. 62: 
73-78. 

Burbidge, N. T. (1959).—Notes on plants and plant habi¬ 
tats observed in the Abydos-Woodstock area, 
Pilbara district, W.A. C.S.I.R.O. Division of 
Plant Industry Tech. Paper 12. 

Burbidge, N. T. (1960).—The phytogeography of the Aus¬ 
tralian region. Aust. J. Bot. 8: 75-212. 

Calaby, J. H. (1971).—Man, fauna and climate in Abori¬ 
ginal Australia, in: Mulvaney, D. J. and Gol- 
son, J. (Eds), Aboriginal man and environ¬ 
ment in Australia. A.N.U. Press, Canberra: 
80-93. 

Charney, J. G. (1968).—The intertropical convergence 
zone and the Hadley circulation of the 
atmosphere. WMO-IUGG Symposium on 
Numerical Weather Prediction. Tokyo: 73-79. 

Charney, J. G. (1975).—Dynamics of deserts and drought 
in the Sahel. Quart. J. R. Met. Soc. 101: 
193-202. 

Churchill, D. M. (1968).—The distribution and prehis¬ 
tory of Eucalyptus diversicolor F. Muell., 
E. marginata Donn ex Sm., and E. calo- 
phylla R. Br. in relation to rainfall. Aust. 
J. Bot. 16: 125-151. 

Clarke, J. and Dortch, C. E. (1977).—A 10 000 year BP 
radiocarbon date for archaeological finds 
within a soil of the Spearwood Dune Sys¬ 
tem, Mosman Park, W.A. Search 8: 36-38. 

Climap (1976).—The surface of the ice-age earth. 
Science 191: 1131-1137. 

Derbyshire, E. (1971).—A synoptic approach to the atmo¬ 
spheric circulation of the last glacial maxi¬ 
mum in southeastern Australia. Palaeo¬ 
geog., Palaeoclim., Palaeoecol. 10: 103-124. 


139 




Journal of the Royal Society of Western Australia, Vol. 62, Parts 1-4, 1979. 


Dodson, J. R. (1974a).—Vegetation and climatic history 
near Lake Keilambete, western Victoria. 
Aust. J. Bot. 22: 709-717. 

Dodson, J. R. (1974b).—Vegetation history and water 
fluctuations at Lake Leake, south-eastern 
South Australia. I. 10 000 BP to Present. 
Aust. J. Bot. 22: 719-741. 

Dortch, C. E. and Merrilees, D. (1972).—A salvage exca¬ 
vation in Devil’s Lair, Western Australia. 
J. R. Soc. West. Aust. 54: 103-113. 
Dzerdzeevski, B. L. (1963).—Fluctuations of general 
circulation of the atmosphere and climate 
in the twentieth century, in: Changes of 
Climate. Arid Zone Res. Report 20. 
UNESCO, Paris: 285-295. 

Environmental Investigations.—Gregory and Dogger 
Gorge dam sites, Fortescue River, Western 
Australia (for Public Works Dept.). Vol. 1 
and 2. Sept. 1975, Dames and Moore. 
Fairbridge, R. W. (1953).—Australian stratigraphy. 

University of Western Australia Text Books 
Board, Perth. 

Fairbridge, R. W. (1964).—African ice-age aridity, in: 

Nairn, A. E. M. (Ed), Problems in palaeo- 
climatology. Interscience, London: 356-363. 
Fairbridge, R. W. and Teichert, C. (1952).—Soil horizons 
and marine bands in the coastal limestones 
of Western Australia. J. & Proc. R. S oc. 
N.S.W. 86: 68-87. 

Falls, R. (1970).—Some synoptic models—north Austra¬ 
lia, in: Amer. Met. Soc./W.M.O. Proc. Symp. 
Trop. Met., Honolulu, p. EV-l-EV-8. 

Flint, R. F. (1971).—Glacial and Quaternary geology. 

John Wiley &; Sons, Toronto. 

Flohn, H. (1964).—Grundfragen der Palaoklimatologie 
im Lichte einer theoretischen Klimatologie. 
Geol. Rdsch. 54: 504-515. 

Flohn, H. (1965).—Probleme der theoretischen Klima¬ 
tologie. Naturw. Rdsch. 10: 385-392. 

Ford, J. (1974).—Speciation in Australian birds adapted 
to arid habitats. Emu 74: 161-168. 

Galloway, R. W. (1971).—Evidence for late Quaternary 
climates, in: Mulvaney, D. J. and Golson, J. 
(Eds), Aboriginal man and environment in 
Australia. A.N.U. Press, Canberra: 14-25. 
Gardner, C. A. (1942).—The vegetation of Western Aus¬ 
tralia. J. R. S oc. West Aust. 28: xi-lxxxvii. 

Gates, W. L. (1976).—Modelling the ice-age climate. 
Science 19i: 1138-1144. 

Gentilli, J. (1952).—A geography of climate. University 
of Western Australia Text Books Board, 
Perth. 

Gentilli, J. (1961).—Quaternary climates of the Austra¬ 
lian region. Annals of the New York 
Academy of Sciences 95: 465-501. 

Gentilli, J. (1971).—Climates of Australia and New Zea¬ 
land. World Survey of Climatology, Vol. 13. 
Elsevier Publ. Co., Amsterdam. 

Gessler, J. (1971).—Aggradation and degradation, in: 

Shen, H. W. (Ed), River Mechanics. Fort 
Collins, Colorado, Vol. 1, p. 8.1-8.29. 

Glassford, D. K. and Killigrew, L. P. (1976).—Evidence 
for Quaternary westward extension of the 
Australian desert into south western Aus¬ 
tralia. Search 7: 394-396. 

Glassford, D. K. and Killigrew, L. P. (1977) .—Perth 
Basin yellow sand. Search 8: 55-56. 

Glauert, L. (1910).—The Mammoth Cave. .Records West. 
Aust. Mus. 1: 11-36. 

Glauert, L. (1912).—Fossil marsupial remains from 
Balladonia in the Eucla Division. Records 
West. Aust. Mus. 1: 47-65. 

Glauert, L. (1914).—The Mammoth Cave (continued). 
Records West. Aust. Mus. 1: 244-251. 

Glauert, L. (1918).-—The cave fossils of the south-west. 

Western Australian Naturalist 1: 100-104. 

Gorter, J. D. and Nicoll, R. S. (1978) .—Reptilian fossils 
from Windjana Gorge, Western Australia. 
J. R. Soc. West. Aust. 60: 97-104. 

Green, J. W. (1964).—Discontinuous and nresumed vic¬ 
arious plant species in southern Australia. 
J. R. Soc. West. Aust. 47: 25-32. 


Greenhut, G. K. (1977).—A new criterion for locating 
the subtropical high in West Africa. J. Appl. 
Met. 16: 727-734. 

Hallam, S. J. (1975).—Fire and hearth. Aust. Aborie. 

Studs. No. 58. Prehistory and Material Cul¬ 
ture Series No. 8. 

Hare, F. K. (1961).—The causation of the arid zone, 
in: Stamp, L. D. (Ed), A history of land use 
in arid regions. Arid Zone Research, xvii. 
UNESCO: 25-30. 

Hope, G. S. (1974).—The vegetation history from 6 000 
Bp to present of Wilson’s Promontory, Vic¬ 
toria, Australia. New Phytologist 73: 1035- 
1053. 

Ingram, B. S. (1969).—Sporomorphs from the desiccated 
carcases of mammals from Thylacine Hole, 
Western Australia. Helictite 7: 62-66. 

Jennings, J. N. (1967).—Some karst areas of Australia, 
in: Jennings, J. N. and Mabbutt, J. A. (Eds), 
Landform studies from Australia and New 
Guinea. Cambridge Univ. Press: 256-292. 

Jennings, J. N. (1975).—Desert dunes and estuarine fill 
in the Fitzroy Estuary north western Aus¬ 
tralia. Catena 2: 215-262. 

Johnson, W., De La Hunty, L. E. and Gleeson, J. S. 

(1954).—The geology of the Irwin River and 
Eradu districts and surrounding country. 
Geol. Surv. West. Aust. Bull. 108. 

Jones, R. (1968).—The geographical background to the 
arrival of man in Australia and Tasmania. 
Arch . and Phys. Anthrop. in Oceania 3: 
186-215. 

Jones, R. (1975).—The Neolithic, Palaeolithic and the 
Hunting Gardeners: man and land in the 
antipodes, in: Suggate, R. P. and Cresswell, 
M. M. (Eds), Quaternary Studies. The Royal 
Society of New Zealand, Wellington: 21-34. 

Jutson, J. T. (1950).—The physiography of Western 
Australia. Geol. Surv. West Aust. Bull. 95 
(revised edn. of Bull. 61). 

Keast, A. (1961).—Bird speciation on the Australian 
continent. Bull. Mus. Comp. Zoo l. 123, 
No. 8. 

Kendrick, G. W. (1977).—Middle Holocene marine mol¬ 
luscs from near Guildford, Western Aus¬ 
tralia and evidence for climatic change. 
J. R. Soc. West. Aust. 59: 97-104. 

Kendrick, G. W. (1978).—New species of fossil non¬ 
marine molluscs from Western Australia 
and evidence of late Quaternary climatic 
change in the Shark Bay district. J. R. Soc. 
West. Aust. 60: 49-60. 

Killigrew, L. P. and Glassford, D. K. (1976).—Origin and 
significance of kaolin spherites in sediments 
of south western Australia. Search 7: 393- 
394. 

Kluge, A. G. (1967).—Systematics, phylogeny, and zoo¬ 
geography of the lizard genus Diplodactylus 
Gray (Gekkonidae). Aust. J. Zool. 15: 1007- 
1108. 

Knauss, J. A. (1973).—Equatorial current systems, in: 

Hill, M. N. (Ed), The Sea. Interscience. New 
York: 235-252. 

Kolia, V. and Biscaye, P. E. (1977).—Distribution and 
origin of quartz in the sediments of the 
Indian Ocean. J. Sed. Petrology 47: 642-649. 

Korff, H. C. and Flohn, H. (1969).—Zusammenhang 
zwischen dem Temperaturgefalle Aquator- 
Pol und den planetarischen Luftdruckgurlel. 
Annalen der Meteor. N.F. 4: 163-164. 

Kraus, E. B. (1973).—Comparison between ice age and 
present general circulations. Nature 245: 
129-133. 

Landsberg, H. E. (1960).—Do tropical storms play a 
role in the water balance of the northern 
hemisphere? J. Geophys. Research 65: 
1305-1307. 

Logan, B. W., Read, J. F. and Davies, G. R. (1970).— 
History of carbonate sedimentation, Quat¬ 
ernary epoch, in: Logan, B. W., Davies, 
G. R., Read, J. F. and Cebulski, D. E., Car¬ 
bonate sedimentation and environments, 
Shark Bay, Western Australia. Amer. Assoc . 
Petr. Geol., Mem. 13: 38-84. 


140 




Journal of the Royal Society of Western Australia, Vol. 62, Parts 1-4, 1979. 


Lorenz, E. N. (1976).—Nondetermlnlstic theories of 
climatic change. Quaternary Research 6: 
495-506. 

Lowry, D. C. (1970).—Geology of the Western Austra¬ 
lian part of the Eucla Basin. Geol. Surv. 
West. Aust. Bull . 122. 

Lowry, D. C. (1977).—Perth Basin yellow sand. Search 
8: 54-56. 

Lowry, D. C. and Jennings, J. N. (1974).—The Nullarbor 
karst, Australia. Zeit Geomorph . 18: 35-81. 

Lowry, J. W. J. and Merrilees, D. (1969).—Age of the desic¬ 
cated carcase of a thylacine (Marsupialia, 
Dasyuroidea) from Thylacine Hole, Nullarbor 
Region, Western Australia. Helictite 7: 
15-16. 

Lundelius, E. L. (I960).-—Post Pleistocene faunal suc¬ 
cession in Western Australia and its cli¬ 
matic interpretation. Report of the Inter¬ 
national Geological Congress, XXI Session, 
Norden 1960. Pt. IV Chronology and clima¬ 
tology of the Quaternary: 142-153. 

Lundelius, E. L. (1963).—Vertebrate remains from the 
Nullarbor caves, Western Australia. J. R. Soc. 
West. Aust. 46: 75-80. 

Lydolph, P. E. (1957).—A comparative analysis of the 
dry western littorals. Ann. Assoc. Amer. 
Geog. 47: 213-230. 

Mabbutt, J. A. (1963a).—Wanderrie banks: micro-relief 
patterns in semi arid Western Australia. 
Geol. Soc. of Amer. Bull. 74: 529-540. 

Mabbutt, J. A. (1963b).—Geomorphology of the Wiluna- 
Meekatharra area. C.S.l.R.O. Land Research 
Series No. 7. 107-122. 

Main, A. R., Lee, A. K. and Littlejohn, M. J. (1958).— 
Evolution in three genera of Australian 
frogs. Evolution 12: 224-233. 

Manabe, S. and Hahn, D. G. (1977).—Simulation of the 
tropical climate of an ice age. J. Geophys. 
Research 82: 3889-3911. 

Marchant, N. G. (1973).—Species diversity in the south¬ 
western flora. J. R. Soc. West. Aust. 56: 
23-30. 

Martin, H. A., (1973).—Palynology and historical 

ecology of some cave excavations in the 
Australian Nullarbor. Aust. J. Bot. 21: 
283-316. 

Martin, H. A. and Peterson, J. A. (1978).—Eustatic sea- 
level changes and environmental gradients, 
in: Pittock, A. B., Frakes, L. A., Jenssen, D., 
Peterson, J. A. and Zlllman, J. W. (Eds), 
Climatic change and variability. Cambridge 
Univ. Press, Cambridge: 108-124. 

Mayr, E. (1944).—Timor and the colonization of Aus¬ 
tralia by birds. Emu 44: 113-130. 

Merrilees, D. (1968a).—Fossil Bandicoots (Marsupialia, 
Peramelidae) from Mammoth Cave, Western 
Australia, and their climatic implications. 
J. R. Soc. West. Aust. 50: 121-128. 

Merrilees, D. (1968b).—Man the destroyer: late Quater¬ 
nary changes in the Australian marsupial 
fauna. J. R. Soc. West. Aust. 51: 1-24. 

Merrilees, D. (1979).—Prehistoric rock wallabies (Mar¬ 
supialia, Macropodidae, Petrogale) In the 
far south west of Western Australia. J. R. 
Soc. West. Aust. 61: 73-96. 

Milton, J. D. (1978).—Tropical cyclones affecting West¬ 
ern Australia—a synoptic climatology. Un¬ 
published Ph.D. thesis, University of West¬ 
ern Australia. 

Molina-Cruz, A. (1977).—The relation of the southern 
trade winds to upwelling processes during 
the last 75 000 years. Quaternary Research 
8: 324-338. 

Namias, J. (1975).—The sea as a primary generator of 
short-term climatic anomalies, in: Proc. 
WMO/IAMAP Symp. on Long-Term Climatic 
Fluctuations, Norwich, World Meteorol. 
Organ 421: 331-340. 

Nelson, E. C. (1974).—Disjunct plant distributions on 
the southwestern Nullarbor Plain, Western 
Australia. J. R. Soc. West Aust. 57: 105-117. 

Newell, R. E. (1973).—Climate and the Galapagos 
Islands. Nature 245: 91-92. 


Nix, H. A. and Raima, J. D. (1972).—Climate as a dom¬ 
inant control in the biogeography of 
Northern Australia and New Guinea, in: 
Walker, D. (Ed), Bridge and Barrier: the 
natural and cultural history of Torres 
Strait. A.N.U., Canberra: 61-92. 

Parkin, D. W. (1974).—Trade-winds during the glacial 
cycles. Proc. R. Soc. Lond. 337: 73-100. 

Partridge, J. (1967).—A 3 300 year-old thylacine (Mar¬ 
supialia: Thylacinidae) from the Nullarbor 
Plain, West Australia. J. R. Soc. West. 
Aust. 50: 57-59. 

Perry, A. H. and Barry, R. G. (1973).—Recent tempera¬ 
ture changes due to changes in the fre¬ 
quency and average temperature of weather 
types over the British Isles. Met. Mag. 102: 
73-32. 

Pike, A. C. (1971).—The intertropical convergence zone 
studied with an interacting atmosphere and 
ocean model. Mon. Weather. Rev. U.S. Dept 
Agric. 99: 464-477. 

Pittock, A. B. (1973).—Global meridional interactions 
in stratosphere and troposphere. Quart 
J. R. Met. Soc. 99: 424-437. 

Pittock, A. B. (1975).—Climatic change and patterns of 
variation in Australian rainfall. Search 6: 
498-504. 

Porter, J. K. (1979).—Vertebrate remains from a strati¬ 
fied Holocene deposit in Skull Cave, Western 
Australia and a review of their significance. 
J. R. Soc. West Aust. 61: 109-117. 

Ramage, C. S. (1971).—Monsoon meteorology. Academic 
Press, New York. 

Richards, A. M. (1971).—An ecological study of the 
cavernicolous fauna of the Nullarbor Plain 
southern Australia. J. Zool. Lond. 164: 1-60.’ 

Ride, W. D. L. (1968).—On the past, present and future 
of Australian mammals. Aust. J Sci 31* 
1 - 11 . 


Rognon, P. and Williams, M. A. J. (1977).—Late Quater¬ 
nary climatic changes in Australia and 
North Africa: a preliminary interpretation. 
Palaeogeog., Palaeoclimatol., Palaeoecol. 21* 
285-327. 


Kutnertora, u. 


ana nannan, 


. - -, 1. -auuaii 

weather reconnaissance in Australian waters 
in: Bur. Met. Aust., Proc. Trop. Cyclone 
Symp., Melb: 379-390. 

Sarnthein, M. (1978).—Sand deserts during glacial 
maximum and climatic optimum. Nature 
272: 43-46. 


Schumm, S. A. (1965).—Quaternary palaeohydrology, in' 
Wright, H. E. Jr. and Frey, D. G. (Eds), The 
Quaternary of the United States. 783-794. 
Serventy, D. L. (1951).—The evolution of the chestnut¬ 
shouldered wrens (Malurus). Emu. 51: 


Serventy, D. L. and Whittell, A. M. (1976).—Birds of 
Western Australia. University of W.A Press 
Perth. 

Smagorlnsky, J. (1963).—General circulation experiments 
with the primitive equations I. The basic 
experiments. Mon. Weather. Rev. 91: 99-164. 

Specht, R. L. (1958).—The geographical relationships of 
the flora of Arnhem Land, in: Specht R L 
and Mountford, C. P. (Eds), Records of the 
Amer-Aust. Sci. Expedition, Arnhem Land 
3: 415-478. 

Stocker, G. C. (1971).-—The age of charcoal from old 
jungle fowl nests and vegetation change on 
Melville Island. Search 2: 28-30. 

Thorne, A. G. (1971).—The fauna, in: Wright R V S 

( ?L d) ^ Archaeolo °y of the Gallus Site, Koon- 
alda Cave. Aust. Aborig. Stud. No. 26. Aust 
Inst. Aborig. Stud., Canberra: 45-47. 

Tindale, N. B. (1957).—Culture succession in south 
eastern Australia from late Pleistocene to 
1 49 P resent ‘ Recorcl s South Aust. Mus. 13: 

van Andel, T. H., Heath, G. R., Moore, T C and 
McCreary D. F. R. (1967).—Late Quaternary 
history, climate and oceanography of the 

JSci 265* 737 r 75 8 western Australia. Amer. 


141 






Journal of the Royal Society of Western Australia, Vol. 62, Parts 1-4, 1979. 


Veeh, H. H. (1966).—Th2 30 /U 234 and U 234 /U 238 ages of 
Pleistocene high sea level stand. J. Geophys. 
Research 71: 3379-3386. 

Veevers, J. J. and Wells, A. T. (1961).—The geology of 
the Canning Basin, Western Australia. 
Aust. Bur. Min. Res. Bull. 60. 

Vella, P., Ellwood, B. B. and Watkins, N. D. (1975).— 
Surface-water temperature changes in the 
Southern Ocean, southwest of Australia 
during the last one million years, in: Sug- 
gate, R. P. and Cresswell, M. M. (Eds), Quat¬ 
ernary Studies. The Royal Society of New 
Zealand, Wellington: 297-309. 

Verstappen, H. Th. (1975).—On palaeoclimates and land- 
form development in Malesia, in: Bartstra, 
G. J. and Casparie, W. A. (Eds), Modern 
Quaternary research in south east Asia. 
A.A. Balkema, Rotterdam 1: 3-35. 

Walker, D. (1976)—Limitations of some biological bases 
of palaeoclimatology. Aust. Met. Mag. 24: 
21-32. 

Walker, D. (1978).—Quaternary climates of the Austra¬ 
lian region, in: Pittock, A. B., Frakes, L. A., 
Jenssen, D., Peterson, J. A. and Zillman, 
J. W. (Eds), Climatic change and variability. 
Cambridge University Press, Cambridge: 
82-97. 

Webster, P. J. and Streten, N. A. (1972) .—Aspects of 
late Quaternary climate in tropical Austral¬ 
asia, in: Walker, D. (Ed), Bridge and Bar¬ 
rier: the natural and cultural history of 
Torres Strait. A.N.U., Canberra 39-60. 

Wendland, W. M. (1977) .—Tropical storm frequencies 
related to sea surface temperatures. J. Appl. 
Met. 16: 477-481. 

Wexler, H. (1951).—Anticyclones, in: Malone T. F. (Ed), 
Compendium of Meteorology. Amer. Met. 
Soc., Boston, Mass: 621-629. 

Williams, D. F. and Johnson, W. L. (1975).—Diversity of 
recent planktonic foraminifera in the south¬ 
ern Indian Ocean and late Pleistocene pal- 
aeotemperatures. Quaternary Research 5: 
237-250. 

Williams, J. (1978).—The use of numerical models in 
studying climatic change, in: Gribbin, J. 
(Ed), Climatic change. Cambridge Univer¬ 
sity Press, Cambridge: 178-190. 

Williams, M. A. J. (1978).—Late Holocene hillslope 
mantles and stream aggradation in the 
Southern Tablelands, N.S.W. Search 9: 
96-97. 

Wooster, W. S. and Reid, J. L. (1963) .—Eastern bound¬ 
ary currents, in: Hill, M. N. (Ed), The Sea. 
Interscience, New York: 253-296. 


Wright, H. E., Bent, A. M., Spross Hansen, B. and 
Maher, L. J. (1973).—Present and past vege¬ 
tation of the Chuska Mountains, north¬ 
western New Mexico. Geol. Soc. Amer. Bull. 
84: 1155-1180. 

Wright, P. B. (1974).—Seasonal rainfall in south west 
Australia and the general circulation. Mon. 
Weather Rev. 102: 219-232. 

Wright, P. B., (1977).—Sea surface temperature and 
climate. Nature 265: 291. 

Wright, R. L. (1964).—Geomorphology of the west Kim¬ 
berley area. C.S.I.R.O. Land Research Series 
9: 113-118. 

Wright. R. V. S. (1971).—An ethnographic background 
to Koonalda Cave prehistory, in: Wright 
R. V. S. (Ed), Archaeology of the Gallus 
Site, Koonalda Cave. Aust. Aborig. Stud. No. 
26. Aust. Inst. Aborig. Stud., Canberra: 1-16. 

Wyrwoll, K-H. (1977).—Late Quaternary events in West¬ 
ern Australia. Search 8: 32-34. 

Wyrwoll, K-H. and Milton D. (1976).—Widespread late 
Quaternary aridity in Western Australia. 
Nature 264: 429-430. 


Appendix 1 

The partial equivalent potential temperature 
is given by 

0 PE = K.0 [All 

where e is the potential temperature. If air at 
pressure p and temperature T is brought adia- 
batically to a standard pressure Po of 1 000 mb., 
its temperature 6 at that standard pressure is 
known as its potential temperature. This is 
given by 

e = TCPo/P)* [A2] 

K = ( c p -cv)/cp = 0.288 for dry air 
cp is the specific heat at constant pressure 
ex is the specific heat at constant volume 

In equation [All the function K introduces 
the modification in the potential temperature due 
to the presence of moisture in the air; for 
details of this see Greenhut (1977). 
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